INTRODUCTION
Diatoms thrive in a range of habitats, including permanent freshwater bodies but also temporary freshwater habitats such as ephemeral pools, seepages and wet to moist soils (Round et al. 1990 ). These temporary habitats frequently dry completely and undergo large diurnal and seasonal fluctuations in temperature due to the (near-)absence of a buffering water column (Starks et al. 1981; Gao et al. 2008) . A gradient exists from permanent water bodies to temporarily wet soils, entailing variations in several physical and chemical parameters (Scholnik 1994) . Over this gradient, there is a turnover of benthic diatom assemblages with a number of diatom morphospecies largely confined to moist or wet soils, classified as ''terrestrial'' (Petersen 1935; Ettl & Gärtner 1995) , including for instance Achnanthes coarctata (Brébisson) Grunow, Luticola spp., Hantzschia amphioxys (Ehrenberg) Grunow, Pinnularia borealis Ehrenberg and Mayamaea atomus (Kützing) Lange-Bertalot (Ettl & Gärtner 1995; Johansen 1999; van Kerckvoorde et al. 2000 ; Van de Vijver et al. 2004; Villanueva 2006) . Regionally, freshwater diatoms can be categorized into moisture categories based on how often they are found outside permanent water bodies (e.g. Van Dam et al. 1994) .
It remains largely unclear how terrestrial diatoms deal with the desiccation and temperature fluctuations encountered in their habitats. Different mutually non-exclusive strategies are possible. First, vegetative cells could have protection mechanisms reported to enhance stress tolerance in other microalgae, such as the excretion of extracellular polysaccharides (Potts 1999; Tamaru et al. 2005) or the accumulation of metabolites (Welsh 2000; Rousch et al. 2004; Hayward et al. 2007; Rajendran et al. 2007 ). However, vegetative cells of terrestrial diatoms were shown to be highly sensitive to desiccation (Souffreau et al. 2010) . Desiccation stress might to a certain extent be mitigated by the sediment but most diatom cells die once passing a threshold of 50% soil moisture content (Evans 1958 (Evans , 1959 . Second, terrestrial diatoms might avoid stress conditions by migrating deeper into the sediment, which is plausible given that marine intertidal diatoms are well-known to avoid light and desiccation stress by vertical migration (Perkins et al. 2010) . Third, terrestrial diatoms could form metapopulations involving local extinction during adverse conditions and (re)colonization from nearby patches when the patch becomes suitable again. However, such extinction-colonization dynamics imply a minimal tolerance of adverse conditions encountered during wind or animal-mediated dispersal (Kristiansen 1996; Isard & Gage 2001) . A final possibility is the formation of tolerant resting stages, which would not only allow terrestrial species to persist locally over time but also to disperse and colonize suitable new habitat patches.
Resting stages are characterized by a reduced metabolic activity and are typically formed to survive adverse environmental conditions. They are widespread among aquatic organisms, including bacterial endospores (e.g. Nicholson et al. 2000) , and akinetes of cyanobacteria (e.g. Sutherland et al. 1979) , cysts and spores of various protists (e.g. Anderson 1975; Alve & Goldstein 2010; Anderson 2010; Müller et al. 2010) and zooplankton resting eggs (e.g. Slobodkin 1954; Gilbert & Schreiber 1995 (Lund 1953; Anderson 1975; Sicko-Goad et al. 1986 ) and prevail in the pennate diatoms (Sicko-Goad et al. 1986; McQuoid & Hobson 1996) , which constitute the bulk of benthic diatom communities. While resting spores survive longer in species forming both types, resting cells are more flexible because they form and germinate faster and they do not require silica for their formation (Kuwata & Takahashi 1990; Kuwata et al. 1993) .
In various aquatic diatom populations, resting cells act as a seed bank in the sediment (Lund 1953; McQuoid & Hobson 1995; Schelske et al. 1995; Persson 2002; Jewson et al. 2006; Poulickova et al. 2008) , which may explain the fast and dense spring blooms of planktonic diatoms (Gran 1912; Lund 1953) . Resting cells in aquatic sediments have to be tolerant of dark conditions, nutrient depletion and anoxia, which has been experimentally demonstrated for a few species (e.g. Hargraves & French 1975; Hollibaugh et al. 1981; Kuwata et al. 1993; McQuoid & Hobson 1995; Jewson et al. 2006) . However, in temporary habitats the main stress factors are desiccation and temperature fluctuations including freezing. While it has been suggested that resting cells of terrestrial diatoms might be important for surviving desiccation (Evans 1958 (Evans , 1959 , it is unknown whether and to what extent they are resistant to freezing and desiccation. Using a phylogenetically diverse set of 17 benthic diatom morphospecies, we experimentally tested (1) whether and to what extent resting cells of diatoms are more tolerant to desiccation and freezing than vegetative cells; and (2) whether resting stages of terrestrial species are more tolerant of desiccation and freezing than resting cells of freshwater benthic diatoms, given the different stress factors encountered by diatoms from both habitat types.
MATERIAL AND METHODS
In total 50 clonal strains of 17 benthic diatom morphospecies were selected (Table 1) , divided over the five moisture categories outlined by Van Dam et al. (1994) (Fig. 1) . To account for intraspecific trait variation, only morphospecies for which at least two strains were available were selected. For details on the environmental sampling, strain isolation, morphological characterization and identification, see Table  1 . Cultured strains and oxidized material are kept at the Laboratory of Protistology and Aquatic Ecology (Ghent University, Belgium) and are available upon request. Several strains were included in the diatom culture collection of the Belgian Co-ordinated Collections of Micro-organisms (BCCM/DCG; http://bccm.belspo.be) ( Culture densities were determined using their basal fluorescence (F 0 ) determined by pulse amplitude modulated (PAM) fluorescence using a Walz MAXI Imaging-PAM (Mseries) (Heinz Walz GmbH, Eiffeltrich, Germany) with default settings, intensity 6, gain 4 and damping 1 following 15 minutes dark-adaptation (Consalvey et al. 2005) . To standardize physiological conditions, cultures were reinoculated twice at F 0 ¼ 0.030, each time followed by four days of exponential growth. For vegetative treatments, each strain was inoculated in triplicate in 24-well plates at F 0 ¼ 0.030 in 2 ml fresh WC medium and placed at standard culture conditions for two days to allow the cells to recover before experimental manipulation. For resting cell treatments, exponentially growing cultures were washed twice with nitrogen-free WC medium, inoculated in triplicate in the experimental wells at densities of F 0 ¼ 0.030 in 2 ml of nitrogen-free medium, and placed at standard culture conditions for seven days to allow the cells to exhaust all nitrogen and become stationary. Stationary phase cells were placed in the dark at 58C to induce dormancy following the protocol of McQuoid & Hobson (1995) . After 14 days, cells of all strains and species had the typical characteristics of resting cells (granular cytoplasm, enlarged vacuoles or oil droplets, and/or contracted chloroplasts; McQuoid & Hobson 1996) and were used for the experiments.
The experiments consisted of four different treatments to which the vegetative and resting cells of the strains were exposed: (1) control (standard growth conditions); (2) freezing at À208C for four hours 45 minutes; (3) desiccation for five minutes; and (4) preconditioning by gradual heating (15 hours at 258C, one hour 30 minutes at 288C, two hours at 308C) followed by desiccation for five minutes. The treatments were selected to meet a comparative approach focusing on contrasting the tolerance of vegetative and resting cells of many strains to desiccation and freezing. A freezing period of four hours 45 minutes was chosen because this was long enough to ensure that the medium within experimental wells was completely frozen for several hours. Desiccation was only performed by air-drying. The duration of desiccation was based on a preceding experiment testing desiccation periods ranging from one minute to six hours on a selection of five strains. None of the strains consistently survived longer desiccation periods (10, 60 and 360 minutes). A short desiccation period of five minutes is thus optimal to detect differential tolerance levels between strains, and is sufficiently long to be able to perform the desiccation handlings (see following paragraph). Preconditioning by gradual heating was applied because acclimatization increases the tolerance to unfavourable conditions in various organisms including diatoms (after eight hours; Rousch et al. 2004) . Because dry periods coincide with elevated temperatures, we decided to precondition the cells to desiccation by gradual heating.
Stress exposure of resting cells and vegetative cells was conducted in triplicate in 24-well plates and in the dark to avoid photo-oxidative stress. Because the different experimental treatments could not take place simultaneously and durations of experimental handling varied, all well plates were kept in the dark at 58C (resting cells) or 188C (vegetative cells) from the start of the whole experiment until all treatments were finalized. For the resting cells, treatments were carried out in nitrogen-free medium. Freezing was performed by placing the well plates for four 0-0.8* hours 45 minutes in the dark in a freezer at À208C. During the treatment, the medium in the well plates was frozen after ca. 15 minutes. The well plates were thawed at standard culture conditions (188C) but in the dark on a shaking device to hasten the thawing process. Desiccation was performed by removing the medium from the wells with a Pasteur pipette. The medium that remained on the bottom of the well was carefully removed using the tip of a clean tissue under the binocular until no liquid was present (this took around 30 seconds). The desiccation period started when all medium was removed. Dry wells were placed without lid in a laminar flow (relative humidity of 62%) for five minutes. After the desiccation treatment, the wells were filled with fresh nitrogen-free (resting cells) or normal medium (vegetative cells) and placed at standard culture conditions in the dark until all experimental handlings were finalized. After termination of all the different stress treatments, the medium of all wells was replaced by fresh WC medium and the plates were transferred to standard culture conditions at 188C. On the day of the experiment (t 0 ) total cell densities were determined by counting the cells in 20 randomly chosen microscopic fields per well (on average 400 cells per well) using an inverted microscope (1003 magnification) equipped with an ocular reticule. On day 7 (t 7 ) dead cells could be distinguished from living cells by their empty silica frustules and cell densities of dead cells were determined as previously described. If almost no dead cells were present, all dead cells present in the well were counted. The percentage of viable cells on t 0 was calculated as 100 3 [1 À (# dead cells per mm 2 at t 7 / # cells per mm 2 at t 0 )]. If survival percentages were very low (, 10 living cells), all living cells in the well were counted to avoid underestimation of the survival rate (the number of living cells at t 0 could be reconstructed due to the slow growth and localized distribution of cells) and this reconstructed number of living cells was used to calculate survival percentages. Depending on the species, total cell numbers per well at t 0 ranged from 2300 to 136,000 (average 33,000). No pattern was perceived that survival was correlated with higher cell densities.
RESULTS
Vegetative cells of only one strain (belonging to Achnanthes coarctata; moisture category 5) survived desiccation for 5 minutes, whether preceded by a heat treatment or not (Figs  1, 2) . Resting cells of morphospecies belonging to moisture categories 1-3 did not survive desiccation (Figs 1, 2) . In contrast, resting cells of almost all strains of morphospecies from moisture categories 4-5 (except Nitzschia communis) survived desiccation that was preceded by a heat treatment (Fig. 2, Table 1 ). Without heat treatment, fewer strains and morphospecies survived desiccation. There was a large among-strain variation in desiccation survival of resting cells of both H. amphioxys and P. borealis (Table 1) . In general, however, low percentages of resting cells survived desiccation, with higher survival (. 25%) only reached by four strains of H. amphioxys (Table 1) . Survival percentages were generally similar or lower without preceding heat treatment, except for two H. amphioxys strains (Table 1) . 
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Trobajo et al. Vegetative and resting cells of strains from moisture categories 1-3 did not survive freezing (Fig. 3) . In contrast, vegetative cells of at least one strain from three out of six morphospecies from moisture categories 4-5 survived freezing (Table 1) . As resting cells, at least one strain of each of these morphospecies survived freezing (except for N. communis). Survival percentages were mostly low, except for the A. coarctata strains (on average 93%). There was a large among-strain variation in freezing survival for both vegetative and resting cells of H. amphioxys, P. borealis, and (1) never, or only rarely, occurring outside water bodies; (2) mainly occurring in water bodies, sometimes on wet places; (3) mainly occurring in water bodies, also rather regularly on wet and moist places; (4) mainly occurring on wet and moist or temporary dry places; (5) nearly exclusively occurring outside water bodies. Values behind the bars are average percent survival. Errors bars represent standard deviation. Note the logarithmic scale. Fig. 1 . Average percent survival after 5 minutes of desiccation. Fig. 2 . Average percent survival after 5 minutes of desiccation preceded by a gradual heat treatment.
vegetative cells of A. coarctata (Table 1) . Survival percentages were not necessarily higher for resting cells than for vegetative cells (Table 1) , since the P. borealis and Mayamaea atomus strains which survived freezing relatively well as vegetative cells had poor survival as resting cells.
DISCUSSION
As previously shown by Jaworski & Lund (1970) and Souffreau et al. (2010) , vegetative diatom cells are highly sensitive to desiccation and freezing. The freezing tolerance of vegetative cells for some strains was also tested by Souffreau et al. (2010) , and results were broadly comparable since the same strains survived (or died) and four out of six surviving common strains had highly similar survival percentages; however, the survival percentages of two strains [P. borealis (St8)a and (St8)d] were much lower in the present study. These results demonstrate repeatability and confirm earlier results that vegetative cells of some terrestrial diatoms have an intrinsic protection against freezing that is absent in aquatic diatoms.
For all aquatic diatom species tested (moisture categories 1-3), none were able to survive freezing or desiccation whether they were vegetative or resting cells. In stark contrast, resting cells of terrestrial diatoms (moisture categories 4 and 5) showed an enhanced resistance for desiccation (with and without a preceding heat treatment). The difference between vegetative and resting cells of terrestrial diatoms was less pronounced in their tolerance to freezing, since three out of the five tolerant taxa were also resistant as vegetative cells. No trade-off between desiccation and freezing tolerance was found, probably because both are osmotic stresses that require similar (but not necessarily identical) protection mechanisms (Welsh 2000). However, the increase in resistance from vegetative to resting cells did differ between species. Resting cells of the single species of moisture category 5, A. coarctata had a highly increased freezing survival percentage, up to 96%. On the other hand, the strains of P. borealis and M. atomus that survived freezing as vegetative cells had a lower resting cell survival, suggesting a different strategy for freezing tolerance. It should be noted that resting cells were induced at 58C, whereas vegetative cells were kept at 188C, and this may have caused a positive acclimatization unrelated to the resting stage itself. Nevertheless, the difference in freezing tolerance between the freshwater and terrestrial diatoms remains.
Enhanced tolerance levels of resting stages for desiccation and/or freezing have been shown previously for resting spores of diatoms (Hargraves & French 1975; Schmid 2009) and resting stages of various other organisms such as the akinetes of cyanobacteria (Sutherland et al. 1979; Baker & Bellifemine 2000; Hori et al. 2003) , bryozoan statoblasts (Bushnell & Rao 1974) , zooplankton resting eggs (Gilbert & Schreiber 1995; Fryer 1996) and ciliate cysts (Müller et al. 2010) . It should be noted, however, that all these resting stages are physically protected by thick cell walls or protective layers, which is not the case for diatom resting cells. Diatom resting cells are cytologically and physiologically distinct from their vegetative counterparts by having a dense, dark cytoplasmic matter (Sicko-Goad et al. 1983; McQuoid & Hobson 1995) and at least some resting spores are resistant to desiccation (Hargraves & French 1975) . To our knowledge, this is the first study to examine tolerance levels of diatom resting cells against freezing and desiccation. Desiccation and freezing both result in cellular dehydration, destabilization or disruption of membranes, denaturation of proteins and the accumulation of reactive oxygen species (Crowe et al. 1990; Smirnoff 1993) . Tolerance can be achieved by intracellular accumulation of stress proteins (Rousch et al. 2004 ) and antioxidants (Dring 2006) or by protection of the membrane structure through compatible solutes (Welsh 2000), extracellular polysaccharides (Tamaru et al. 2005) , or the alteration of the phospholipid fatty acid profile (Rousch et al. 2003) . While the exact mechanism(s) that confers freezing and desiccation tolerance to the terrestrial diatom species is still unknown, our results show that both vegetative and resting cells of terrestrial diatoms are relatively tolerant of freezing, while desiccation tolerance is mainly provided by resting cells. Desiccation results in the removal of bound water from biomolecules (Crowe et al. 1990) , and it is apparently a more lethal stress than freezing, as shown by the present and previous studies (Oldenhof et al. 2006; Sabacka & Elster 2006; Souffreau et al. 2010) .
Acclimatization increases the tolerance of unfavourable conditions in various organisms (e.g. Bierkens et al. 1998; Bayley et al. 2001; Sung et al. 2003; Dunlap et al. 2007) , including diatoms (Rousch et al. 2004) , due to the accumulation of heat-shock proteins or the alteration of membrane properties. In the present study, acclimatization by gradual heating before desiccation had only a positive influence on resting cell survival for terrestrial diatoms. In contrast to aquatic diatoms, terrestrial diatoms possess these protection mechanisms to survive in soils and temporary water bodies where they are exposed to strong fluctuations in humidity and temperature. It is plausible that diatoms inhabiting permanent water bodies, which are more buffered against abrupt fluctuations in temperature, do not invest energy for protection mechanisms, resulting in sensitivity to abrupt freezing and desiccation. Our experimental treatments were relatively abrupt and harsh; they were aimed at mimicking conditions encountered by soil diatoms or by diatoms during airborne dispersal, which are conditions less likely encountered by freshwater diatoms. Nevertheless, the conditions remain artificial. Freezing temperatures of À208C are rarely encountered in Belgium, where most of our strains originate from, and in natural conditions such temperatures are accompanied by a gradual decrease in air temperatures over several weeks. It would be interesting to test whether a period of acclimatization to a gradual temperature decrease or increase before freezing would result in higher tolerance levels in aquatic diatoms. Additional important factors in natural conditions might be the presence of sediment, anoxia or the rate of desiccation or freezing. Sediments mitigate the effect of desiccation (Evans 1959) , anoxic conditions in sediments are known to enhance the preservation of resting stages (Rengefors & Anderson 1998) , and slow drying increased the survival of Stauroneis anceps (Hostetter & Hoshaw 1970) . Nonetheless, the present results clearly demonstrate that terrestrial diatoms are more resistant to abrupt freezing and desiccation than species from permanent freshwater bodies.
While resting cells of terrestrial diatoms generally had an enhanced stress tolerance compared to vegetative cells, survival percentages were often very low. In most cases, the percentage of viable cells was not higher than 5% and could be as low as 0.001%. Detection of such low percentages is only possible when having large cell numbers, and we took care to have as many cells as possible in both the vegetative and resting cell cultures. The low survival rate of diatoms is in contrast to the high survival levels of vegetative cells of other cell types, for example terrestrial cyanobacteria (Gupta & Agrawal 2006; Sabacka & Elster 2006) or some green algae (Elster et al. 2008) . This emphasizes that although a high survival rate was observed for some strains, in general not only vegetative cells of diatoms but also the resting cells are quite sensitive. There was also a large variation in the survival percentage among and within (morpho)species. The interspecific variation is in line with several other studies on microalgae (Butterwick et al. 2005; Sabacka & Elster 2006; Gray et al. 2007 ) but interpretation of the interstrain variation is less straightforward because many diatom morphospecies are in fact species complexes (Sarno et al. 2005; Mann & Evans 2007; Vanormelingen et al. 2008) , including P. borealis and H. amphioxys (Souffreau et al. 2013) . If the observed variation between strains belonging to the same morphospecies does reflect intraspecific variation (and not variation between cryptic species), our results indicate that there is a large standing genetic variation for stress tolerance within single species and thus a high potential for rapid microevolution and population persistence in response to environmental change. A considerable part of the variation that we observe might indeed reflect true intraspecific variation, given the variation in resistance among strains that belong to the same lineages (or species) [outlined using a molecular phylogeny based on D1-D3 LSU rDNA and rbcL gene sequences (Souffreau et al. 2013) ]. This is the case for Hantzschia sp.
[strains (St1)f and (st1)h], H. amphioxys [strains (St1)e and (St3)c] and P. borealis [strains (St1)b, (St1)l and (St6)a] (Souffreau et al. 2013 ) but this topic should be investigated further.
It was surprising that a single taxon of category 4, Nitzschia communis, did not show any tolerance given that all other terrestrial taxa did. Given the prevalence of (pseudo)cryptic species diversity in diatoms (Sarno et al. 2005; Mann & Evans 2007; Vanormelingen et al. 2008) , there is a possibility of niche differentiation between pseudocryptic species (Vanelslander et al. 2009; Souffreau et al. 2013) . Our N. communis strains were isolated from a permanent lake on the subtropical Amsterdam Island, Indian Ocean, and they might differ from the N. communis species of The Netherlands for which Van Dam et al. (1994) assigned a moisture category.
The presence of stress tolerant resting cells is probably an important mechanism for terrestrial diatom populations to persist locally over time, similar to the resting cell seed banks of aquatic diatom populations (e.g. Lund 1953; Härnström et al. 2011) . Moreover, as low moisture levels are likely to be encountered during dispersal by air currents or on animals (Kristiansen 1996 ) the presence of desiccation-tolerant resting cells has potentially significant consequences for patterns of dispersal, and consequently for population structuring (Figuerola et al. 2005) and geographic distributions (Alve & Goldstein 2010) of terrestrial diatom species. As some (resting) cells of terrestrial diatom populations are able to survive at least short periods of desiccation, dispersal over (at least) short distances (Brown et al. 1964) or protected inside a lump of moist sediment (Evans 1958; Evans 1959) should be possible, which is demonstrated by the reports of viable terrestrial diatom cells found in air traps (Van Overeem 1937; Schlichting 1961; Brown et al. 1964; Schlichting 1964; Roy-Ocotla & Carrera 1993) . In contrast, living cells of aquatic diatom species are generally absent from such air traps, which might be related to a lower chance of being picked up by wind and a higher sensitivity to desiccation, and might be reflected by the large population differentiation between populations of the benthic freshwater diatom Sellaphora capitata (e.g. Evans et al. 2009 ). Higher dispersal rates among terrestrial diatom populations should result in lower differentiation for neutral genetic markers between populations of terrestrial diatoms than for aquatic diatoms over similar spatial scales. Furthermore, Spaulding et al. (2010) hypothesized that this would also result in larger geographic ranges of terrestrial species and lower levels of allopatric speciation. However, depending on the geographical scale and rate of dispersal, the higher possibility for terrestrial diatoms to undergo uncommon long distance dispersal events could also result in higher levels of allopatric speciation [called founder speciation when based on a small number of arriving individuals (Templeton 2008)] compared to lacustrine diatoms. It would therefore be highly interesting to check if patterns of population structure and geographical distributions match the here observed differentiation in stress tolerance between terrestrial and aquatic benthic diatoms.
